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ABSTRACT

Use of an rf liinear accelerator as the electron source for a free-
electron laser operating {n the extreme ultraviolet waveleongth range from
100 nm to at least as low 43 50 nm appears feasible. Peak and average
rower outputs of greater than 100 kW and 50 W, respectively. are

predicted.
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INTRODUCTION

Broadly-tunable sources of extreme ultraviolet (XUV) radiation are in
great demand for a multitude of basic¢ physics and materials studies.?»?
For the spectral range below 100 nm, electron synchrotrons are currently
the dominant radiation source for such research. However, there are a
number of "photon-hungry" experiments (involving nonlinear XUV spectros-
copy, for example) wnich can be pursued only at substantially higher
(>103 X) intensities than provided by synchrotrons including those with
undulator or wiggler sections 3

Recently, several laser-driven processes {(harmonic generation and
frequency mixing) have produced coherent XUV radiation with much higher
brightness (watts/mrecm™1), but with very limited tunability."-5 To
obtain greater spectral coverage with the requisite high brightness,
attention has now turned to the free-electron laser (FEL) as a potential
Xuy generator.6 At such short wavelengths, an FEL requires an electron
accelerator capable cf high-peak current and very restricted beam emit-
tance and energy spread. The electron storage ring may well satisfy these
requirenents, and design considerations are reviewed by J. Madey elsevhere
in these proceedings.?

Aa an al!ternative to the atorage-ring approiach, we conaider here the
use of an rf linear accelerator in an XUV laser system. Inherently less
ocmplicated and less costly than with a storage ring, a linac-driven FEL
appeurs to be feasible for wuvelengths as short as 50 nm. This projection
"9 based upon the antjcipated successful use of high-peak current (-100 A)
1{nacs In present and forthcoming FEL oscillator exporiments at i{nfrared

and visible wavelengths by Los Alamos and Boeing/Mathematica) Sciences



_3-

Northwest.8:9 an important feature of the linac approach is that elec-
trons pass through the undulator magnet only once, but their energy may be
recovered in a separate decelerating structure and .'ed back into the ori-
mary accelerator. Another advantage is the option of unrestricted undula-
tor length., As with storage rings, rf linacs are capable of high-peak
currents up to 1000 A,10 but with shorter bunch lengths of 10-50 ps, FWHM.
The major concern with rf linacs is the attainment of sufficiently-low
transverse beam emittance. Additionally, since each electron bunch must
be accelerated from rest, the linac must be operated at a moderate duty
facter, e.g. 5%, to maintain rf power costs at a reasonable level. 1In the
fcllowing section we descrite the properties of an undulator and the elec-
tron beam necessary to attain sufficient optical galn for the 50- to
100-nm spectral range. We then compare these necessary beam propertjes
with thcese of existing rf linacs. With an upper bdound on the transverse
emittance, we next predict the peak- and average-power output from an
optical cavity designed for this application. Finally, a scheme {or elec-

tron energy recovery is outline followed by our overall conclusions.
. ,/\
UNDULATOR AND ELECTRON BEA4 PROPERTIES
The bas{s for scaling parameters from the current Los Alamos 10-um

osci{llator experlmenta to conditions suitable for ar XUV free-electron
lasar is the Cnlson formula'! for the maximum small-signal gain of an FEL
comprised of a plane-pclarized, constant-period undulalor driven by a
perfecily monoenergetic electron beam,
?

)3

Gmax = 0.13% euBSAwnP(LH/Ymc (4, €¢&) - J,(c)]? ' (1)
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where § = af/(4 + 2a3) and a, = eByA,/2mmc2, B, 1S the peak magnetic field
on axis, A, is the undulator period, &and pe is the electron charge den-
sity. In particular, the formula predicts that the gain should remain
constant If both the undulator length L, and the electrons' relativistic
energy factor Y both increase by the same factor, Increasing Y by a fac-
tor of 10 (from U0 to U400) reduces the reséEBant optical wavelength by a
factor o 100 for the same magnet parameters By, and A,. In fact, one can
obtain very high magnctic fields for sinall ratios of the magnet gap to
period according to Halbach's undulator design using SmCog permanent mag-
nets.'2 The design parameters for the XUV undulator are glven in Table I.

It should be noted that these undulator parameters represent a
sufficient design (when accompanied by the electron beam and optical cav-
ity parameters specified below), that is, one with sufficlent gain to
achieve oscillation, No attempt at further optimization has been done.
This single undulator 8o specified will work in the 50-100-nm region, but
it might be advantageous, if tunability over this entire region is not
required, to further optimize the design for a particular operaving wave-
lzngth.

The Colson formula'! is based on perturbation theory and is quantita-
tively valid only when the value of the maximum gain is itself a small
number, <0.2. When parameters are such that the formula gain 13 not
small, then account must be taken of the change in amplitude of the radia-

tion field during a single pass through the interaction region.!3.14



TABLE I

Parameters of a Plane-Polarized, Uniform-Period Magnetic Undulator

Ly = 1200 cm

Bw- 705T

A 1.6 em

aw - 1.12

gap 3.7 mm

The analytical gain formula Eq. (1) provides valuable insight into
the relative dependence on undulator and electron beam parameters, but it
becomes very inaccurate for large values of gain. For example, for a
monoenergetic beam with peak current of 100 A and with o.her parameters

appropriace for an 82-nm FEL, Eq. (1, underestimates the actual gain by a

factcr of 6(! However, when the electron beam has a non-zero energy
spread, the difference between analytical and numerical calculaticns of
gain is less dramatic. For a 1% energy spread, the numerically-:alculated
gain drops substantially from over 3000 to 3.4 as shown {n Fig.1, whereas
that predicted by Eq. (1) (modified by a broadening factor15,16) falls to
a value of 2.2 which {s only 35% too small. For the high, weak 3ignal
gains (>100%) necessary to overcome mirror losses in the XUV, and with
significantly broad electron energy distributiorns, we henceforth rely only

on numerical calculationa of the gain.
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Having seen in Fig. ! the drastic reduction of small-signal gain by
inhomogenenus broadening, one must make substantial efforts to minimize
the energy spread of the electron beam. One source of such spread is due
to the finite pulse duration of the electron beam. Some electrons are
driven by accelerating fields slightly less than the peak value because
they arrive at the acceleratié%ﬁ gaps slightly before or after the moment
of maximum field. This leads to a spread of energies in the pulse. How-
ever, by energy-scraping with a slit in a dispersive section of the beam
transport, this spread can be reduced to a smal)' value at the expense of
some beam current. Hence, it is ignored in the considerations telow.

The important remaining source of energy spread in an rf linac
appears to 12 due to the finite emittance of the electron beam. The beam
amittance leads to an effective energy spread in the indulator which is
the sum of two sep.rate contributlons: one depending on the angular diver-
gence of the beam, and the other depending on the beam size.'7T The
divergence implies a spread of ele*on z-velocities, and the finite size
of the beam implies that some electron trajectories are displaced away
from the undulator axis Into regions of higher magnetic field strength
which results in correspondingly slower z-velocitie: as well. The sum of

the effective energygpreads due to these two effects {8 written as
6Y (6Y) X <6Y) (
2 - | = — , 2)
(Y )fot v /e ! size
and 1s minimized for a _articular vaiue of the beam radius given by

Ye A
w

min 2
/Zn a,

A : (3)
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The corresponding total effective energy spread is ther

€a
Sy - (%)
Y JTot/min 72YAs *

From the calculations of gain vs inhomcgeneous broadening, it appears
that an energy spread of 1% may be tolerated and still allow laser oscil-
lation. Assuming this value as the minimum effective é?rgy spread in

Eq.(l4), there is a corresponding value of the beam emittance € as well as

2|
a beam radius rb.min

for particular values of Y, Ag, and magnet para-
meters.

ATTNRDIED If the focusing
by the undulator magnet array itself is glected for the noment, we <!at~q
Ve

-~ ack ~lLorefpe L yuka b
evaluate focusing of the beam/in the undulator by an external, magnetic

meny
quadrupole system. To accommodate a plane wave calculation with our 1-D
numerical code, it 1s necessary to determine the average value of the beam
radius within the undulatcr. This average value is easlily determined from
the well-known beam propagation expression from which a minimum average
radius <r2> is determined to be

<rDpin = ely/ B . (5)

Using the emittance values deduced above an<d the undulator parameters

listed in Table I, we found that external focusing of the beam into the

undulator did not obtain a small enough value of (rzbmin (grs m1n) to
achieve the desired condition of minimal effective broadening. However,
by focusing the electron beam not once but several times within the

undulator by use of a series cf external quadrupoles around the undulator,
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a smaller value of <rl>p;, can be achieved. (The magnetic fields of
external quadrupcles superpose linearly over the undulator field for an
all-SmCos permanent magnet structure. This would not be the case for
hybrid undulators containing some iron.)'2 For three focal points in the
undulator, <ré>pin = €Ly/3/37. Using this latter value, we evaluated the
two effective energy spread terms in Eq. (2) separately to arrive at a
total effective energy ~oread. The final system parameters are shown in
Table IT where it is clear that the broadening only slightly exceeds the

target value of 1%,
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For a given emittance, minimization of the average beam size is very
important for two reasons: (1) the effective broadening is usually
reduced, and (2) higher electron density increases th> gain as seen in
Eq. (1). External focusing to keep the beam diameter small appears to be
feasible, as shown in Fig. 2 which is the result of a calculation of the
size of a beam (for an 82-nm FEL) propagating through a series of 30 quad-
rupoles which focus alternately in the two transverse planes. The neces-
sary magnetic field strengths of the quadtj::?quite low, 8100 G.

wetpu/e &

The single-pass gain was calculated numerically for the parameters
listed in Table II1 and as a function of input intensity. Figure 3 shows
the gain curves for three XUV wavelengths, and it is evident that gain
saturation occurs at higher intensities for shorter wavelengths. A quali-
tative explanation is that gain saturation occurs when electrons contained
within the energy/phase area (called a "bucket") change energy by =~1/2
the bucket height. This happens when the undulator lengtn is approximately
equal to half of a synchrotron period Lsy. Lsy, in turn, is inversely
proportional to the product of the optical electric field E and the opti-
cal wavelength Ag via the relation (EAg)~'/2, This reveals t*at the con-
dition Lgy = 2 Ly is reached at lower values of the electric field for
longer wavelengths.

We note, for later reference, that the onset of sideband-frequency
generation‘8 occurs for Lsy = L,. At the three wavelengths 50, 82, and
1C' nm, this condition occurs at intensities of about 1.13, 0.43, and
0.28 GW/cm2, respectively. We further observe that, despite the large
peak current of 100 A, existing theories'1+14 for the onset of Coulomb
effects predict that our parameters are about a factor of 20 below those

for which such effects apgear,
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TABLE II

ELECTRON BEAM PARAMETERS

50 nm 82 nm 101 nm
Y 510 400 361
I,A 100 100 100
e/m,cm. rad 1.03 x 1075 1.30 x 107> 1.45 x 107>
d, cm 0.0973 0.110 0.116
8Y/Y, % 1.06 1.18 1.25

COMPARISON WITH EXISTING LINACS

Having determined the electron beam current and emittance necessary
for FEL oscillation in the XUV, it is enlightening to compare these prop-
erties withi those of recently-constructed linacs. The often-cited Lawson-
Penner relationship!9d empirically describes the average performance of
linear accelerators in terms of transverse emittance and current 7veraged
over an acceleration cycle

(BYe/m)2 = 0.9 x 1074 T (cmerad) . (6)

Actually, emittance §is physically related to the } 2ak current {n each
micropulse accelerated. Presumably, Eq. (6) is given in terms of the
average current because the microbunch pulsewidth of linacs s rarely
directly measured.

Next best t: having a relationship in terms of peak current is one
involving Q the zharge per bunch as

(8Ye/m)2 = 0.9 x 10°Y%fQ (emerad) , (7)
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where f 1s the rf frequency ¢f the accelerator. In these terms, Fig. {
presents a comparison of the normalized emittance squaied versus Q for a
number of existing L- and S-band linacs. Curves for the modifi~d Lawson-
Penner relationship, Eqﬂ( (7), are shown for reference. It is apparent
that present linac emittance 1ls about =2 factor of three better than
described by the empirical average of Eq. (7). Also apparent is the large
amount of emittance growth: starting from the thermal limit of dispenser-
cathcde emission, to the triode-gun output, and to that of the linac.
Obviously, there is room for a great amcunt of improvement! Nevertheless,
the optical gai‘g curves shown in Fig. 3 were computed with emittance
values (Table Il) represented by the starred circle in Fig. 4. This
emittance i1s equivalent to recent high-current performance of L-banc
arcelerators at Ar'gonne10 and Los A)amos Natlional Laboratories (data not
plotted).25

One scheme to realize low emittance is a laser-irradiated photo-
cathode by which, as indic/.ced in Fig. U, a large current density may be
attained within a short laser pulse. 1In pioneering work at SLAC, Sinclair
and Miller have has obtained 60 A from a GaAs cathode.*g: Laboratory stud-
les with ceslated surfaces also show promise for use as gun cathodes.?26
By using -30-9s8 laser irradiation on such surfaces and immediately accel-
erating the charge to high velocity through a 200 kV - 1 MV potential
within a Pierce-geometry cavity, it .s possible both to attain hi{gh peak
current and to ellminate the pulse-forming bunching sections which are
often cited as the source of substantial emittance growth. A laser-

irradiated cathode ifniector-development bprosram has been {nitiated at Loan
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XUV FEL LASER POWER OUTPUT

An oscillator configuration designed for wavelengths longer than
about 50 nm is shown in Fig. 5,f%r the normal-incidence end mirrors,
multilayer stacks of atomic materials such as tungsten and carbon are
usedi. According to T. Barbeezg”gf Stanford University, multi-
layer mirror reflectance of 80% should be attainable with present state-
6f—the—art coating technology applicable to the 50-100-nm spectral range.

To avoid thermal distortion or catastrophic damage to the end
mirrors, intracavity grazing-incidence reflectors with slight curvature
diverge the optical radiation to an adequately-low power density. The
advantages of grazing-incidence mir»rors n:scbeen expiored previously for
243 nm and 10.6 um by Mumola and Jordan.2{ Chemical iy-vapor deposited SiC
was chosen for these mirrors becav- - of {ts high therma. figure of mer.t,
K/a, of 5 x 10° W/em and its unsurpassed reflectance for ultraviolet
wavelengths between 50 and 110 nm.zg The SiC intracavity mirrors are
radially curved in only one plane to assure only S-plane reflectance
which, for 88° incidence, is 97%.30 p-plane polarization with its )ower
reflectance and, thereby, higher absorption {s thus‘:}voided. Output

u
coupling through a central hole in the exit mirror w;: chosen over edge
coupling for eane of mirror mounting.

The peak power output as a function of cavity mirror reflectance,
ashown 1n Fig. 6, has been wvaximizcd by optimizing the output coupling
fraction. For a reflectance of 80%, peak powers of 180 and 350 kW at 50
and 101 nm, respeclively, have been predicted. If the multilayer reflec-

tor technolcgy improves sufficlenlly to reach 90% reflectances, 500 kW

peak power may be attained. On the other hand, smaller but substantial
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power is still calculated for reflectances lower than 70%. Thermal dis-
tortion of the SiC grazing-inclidence mirror nearest the output coupler
limits the average power output of chis system. For thermal distortion
less than 1/20 wave at each respective wavelength, an average output power
of 200 W is computed for repetitive pulses every 25-50 ns.
cLECTRON ENERGY RECOVERY

To accelerate a 30-ps, 100-A peak current microbunch to 200 MeV con-
tinuously every 25 nc requires 24 MW or effective rf beam power. Since
the energy extractlon efficiency at the saturation intensity of 100 MW/ cm?
is only 10'". the electrons experience negligible net deceleration within
the undulator. Therefore, it is very advantageous economy-wise to recover
this energy.*ﬂn his review of FEL fundamentals, Brau3) described several
possible methods of energy recovery. In the racetrack scheme, electrons
exiting the undulator are reinserted into the accelerator 180° out of
phase. The rf power radiated by the derelerating electrons Lhen serves to
accelerate new, succead.ng electron bunches. Theoretically, 195 MeV of
the original electron energy of a 200 MeV beam can be recovered.3? On the
average, this translates to recovery of 21 MW out of 24 MW heam power,
However, to the 3 MW lost, must be added power dissipated In the copper
accelerating atructures. Copper losses depend upon the accelerating gra-
dient and amount to 22 MW (11 MW) for a 2%-m (8?-m) long accelerator.3”
The net average power to obtain 200 W of XUV power [a 2% MW or 14 MW de-
pending on which of the Lwo gradients is chosen, By opcerating with a duty
factor of 5%, it is still poasible Lo obtain %0 W of average XUV radiatiun
(peak power output remains the same) whil the total rr' power expanse f{a
about. 1 MW, Thin rf power requirement {3 equal to that of the National

Light Source VUV atorage ring at Brookhaven National Lnboratory.@f
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CONCLUSIONS
RF linacs appear as feasible electron sources for free-electron

lasers operating in the XUV wavelength range of 50 to 100 nm if a moderate
reduction in beam emittance (a factor of 2) can be attained over current
machine performance. High peak current of the order of 100 A and more
with an energy spread of no more than 0.5% will be required. With peak
power and average power output greater than 100 kW and 50 W, respectively,
such a laser would surpass the capabilities of any existing, continuously-
tunable XUV source by three to four orders of magnitude. Such = photon
snurce should be attractive for a great variety of sclentific ajpolica-

tions.
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FIGURES

Fig. 1. Small-signal gain versus electron beam energy spread (inhomo-
gneous broadening) for an 80-nm FEL. Undulator parameters ae
given in Table I.

Fig. 2. Quadrupole channel for a 12-m undulator. Fixteen quadrupole
doublets focus the electron beam alternately in the x- and
y-planes. A length-averaged beam radius of 0.41 % 0.077 mm
results for an energy of 200 Mevéf%nd eniittance e/n of
1.3 x 1075 cmerad.

Fgores—(Qenttnuedy

Fig. 3. Intensity gain versus input intensity for three XUV wave-
lengths.

Fig. 4. Normalized emittance squared versus electron charge per bunch
for various high-current linacs. L-Band: ANL'O and LANL2Z;
S-Band: SLAC?0,21 and Boeing.9 Respect.ive Lawson-Penner curves

ar shown for comparison,
Fig. 5. An XUV free-electron laser osclllator.

Fig. 6. free-electron laser peak output power versus cavity mirror

reflectance for three XUV wavelengths.
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